This paper represents the outcome of efforts that intended to achieve laser hole drilling execution in polymethylmethacrylate (PMMA) of 2.5 mm thickness using 1064 nm diode laser of 5 W output power. Different laser beam powers, exposure time, and positions of the laser spot were taken into consideration with respect to the workpiece. The workpieces were tested in the existence of low-pressure assist gas (20-60 mmHg of air). The experimental results were supported by the predicted results of the analytical model.
Introduction
The conduction of heat in a three-dimensional solid is given by the solution of the following equation:
where, the thermal conductivity K (Wcm −1 K −1 ), the density ρ (g cm −3 ), and the specific heat C P (Jkg −1 K −1 ) are dependent on the temperature and position. The rate of the applied heat to the solid is A(x, y, z, t) per unit time per unit volume, and t is the time [1] . Using the cylindrical coordinates r and z (Figure 1) , the temperature distribution is [1, 2] T(r, z, t) = Pε 2πaK ∞ 0 J 0 (mr)J 1 (ma) × exp(−mz) erfc z 2(kt) 1/2 −m −(kt) 1/2 −e(mz) erfc z 2(kt) 1/2 + m(kt) 1/2 dm m
where, r is the radial coordinate (hole radius), z is the axial coordinate (thermal penetration depth), J o and J 1 are Bessel functions of the first kind, P is the constant power during a laser pulse, a is the radius of the laser spot at the surface, K is the thermal conductivity of the material, k is the thermal diffusivity, ε is the fraction of incident radiation absorbed, m is an integer that represents the limit of integration, t is the exposure time, and T o is the initial temperature. The numerical solution of (2) for determining the temperature distribution as a function of time at any point inside the material along the Z-axis for r = 0 is given by [1, 2] 
The dimensionless variables for temperature and time, respectively are defined as [1, 2] 
Hence, (3) becomes
For steady-state condition at any depth below or at the center of the focal spot, t → ∞ in (6) [1, 2] T(0, 0, t) = 2Pε(kt) 1/2
This implies that the maximum surface temperature attainable is given by [1] T(0, 0, ∞) = Pε πaK . depth below the focal spot. The temperature rises rapidly at first and approaches 75% of its steady-state value within τ = 4 or t = a 2 /k, then the change in temperature with time proceeds at a progressively decreasing rate. The time t = a 2 /K can, therefore, be considered as the thermal time constant [1] .
Experimental Work
A special nozzle for the laser head was designed and constructed for achieving the optimum performance as shown in Figure 3 .
In the absence of the assist gas nozzle, the output power of the laser head was 2.75 W as examined by a power meter type (Gentec TPM 300 CE) as an average value of the output power. In this work, the nozzle was designed in a way that acts as a normal assist gas nozzle and as an assist gas nozzle with variable orifice diameters (with a changeable nozzle tips of 0.4, 0.6, 0.8, 1, 1.2, 1.5, and 3.0 mm in diameters), as shown in Figure 4 , that were used as an a apertures (placed at the waist of the collimating lens [3, 4] ) to allow choosing various values of the laser beam output power and suppress the higher-order modes. All the workpieces were illuminated by the laser beam for many different time periods in order to reach the vaporization temperature and executing drilling process. The drilling process was examined for different laser spot positions (at the surface, at the mid surface, and at the lower surface), without the use of assist gas, and with the assist gas (the used pressures were 20, 30, 40, 50, and 60 mmHg). Figure 5 shows the values of the aspect ratio (depth to diameter) and the taper ratio (outlet to inlet diameter) using laser power of 2.45 W, the focal position at the surface of the workpiece, and the assist gas pressure of 20 mmHg for 11 exposures time.
Figures 8, 9, and 10 illustrate the temperature distributions for different working conditions.
Simulation Results
The maximum temperature in the center of the focus at the surface was measured from (7). This temperature was substitute in (2) for each used output laser power with the rest values mentioned in this equation (a, K, k, t, . . ., etc.) and plotting the temperature distribution. The value of t that substituted in (2) was measured as the thermal time constant (t = a 2 /k) for z below the focal spot. This t represents the maximum exposure time needed for the material to reach the vaporization temperature over which the heat diffused inside the material and not along the depth. This value of t was used for the rest stages of the drilling process. The hole depth was measured using the plot diagram and substituted in (8) for determining θ. This θ was substituted in (4) for determining the maximum temperature at this depth, which will be considered as the new surface. The newly measured temperature was substituted in (9) for measuring the new laser power at this depth. The above-mentioned steps were followed again many times until the hole covered the whole thickness of the workpiece. Knowing that each time the new thickness was added to the depth of the previous stage and then substituted in (2) . 
Results and Discussion
The analytical steps were followed for laser output powers 2.45 W, 1.82 W, and 0.96 W using the nozzle orifices of 3 mm, 1.5 mm, and 1.2 mm, the spot radius measured as 0.5 mm, The thermal time constant t was 2.25 s, K of the workpiece material (PMMA) 0.2 × 10 −3 W mm −1 • K −1 , k of the workpiece material is 0.11 mm 2 s −1 , and the reflectivity R of the workpiece material was assumed as 0.01. Therefore, the emissivity of the surface of the workpiece ε = 1 − R = 0.99, and the exposure time versus the surface temperature was plotted for each of the used powers, 2.45 W, 1.82 W, and 0.96 W as shown in Figure 6 .
A MATLAB package was used for presenting the case under study. For one stage drilling process, it was found that whatever the increase in the exposure time the hole did not exceed certain depth of the whole thickness of the workpiece and the heat was diffused (dissipated) inside the material and not along the depth (Figure 7) .
The aspect ratio (ratio of depth to diameter) and the taper ratio (ratio of outlet to inlet diameter) of the drilled holes by using laser beam powers; 2.45 W, 1.82 W, and 0.96 W as measured from Figures 8, 9 , and 10 are listed in Table 1 .
These values of A r and T r clarify that irradiating PMMA workpiece of 2.5 mm thickness by 1064 nm CW diode laser of 1 W output power and exposure time of 2.25 s leads to achieving an acceptable quality of the hole drilling process that matches the most improved values represented by the highest aspect ratio (20-30) and lowest taper ratio (≈1) [5, 6] .
Conclusion
The experimental results for different working conditions that were illustrated in Table 2 show that without the use of the assist gas the best holes can be achieved by focusing almost of 1 W laser output power on the surface of the chosen workpiece material for about 2.5 s which matches with the best result of the analytical model as shown in the last row of the table.
Moreover, the use of the low-pressure assist gas of about 60 mmHg with laser output power of 2.45 W and focusing the spot on the surface of the workpiece enhanced the drilling process and reduced the required exposure time. Therefore, this study concluded that for executing laser hole drilling process in black acrylic (PMMA) material of 2.5 mm thickness using CW diode laser of low laser output power around 1 W with the absence of the assist gas, the focal position represents the most affecting parameter for getting best results (highest aspect ratio and lowest taper ratio) while when using higher laser output power of 2.45 W with the existence of the assist gas, the most affecting parameters are the assist gas pressure and focal position.
